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INTRODUCTION
Extensive chemical analyses of waters from hot springs and geysers in Yellowstone National Park have been reported by Gooch and Whitfield (1888) and by Allen and Day (1935) . Scott (1964) analyzed ten thermal waters from Yellowstone to determine possible effects of the nearby Hebgen Lake, Montana, earthquake of August 17, 1959 , upon the hydrothermal system. White, Hem, and Waring (1963) reported six new chemical analyses and Noguchi and Nix (1963) published partial chemical analyses of waters from five geysers. Field measurements of silica dissolved in the hot-springs waters were reported by White, Brannock, and Murata (1956) and by Morey, Fournier, Remley, and Rowe (1961) . The new results reported here and the compilation of previous analyses are part of an effort by the U.S. Geological Survey to reevaluate the geology and geochemistry of Yellowstone.
We are indebted to many colleagues in the Survey who have contributed to this study, especially to D. E. White for his advice 'Deceased. 1 and assistance and to A. H. Truesdell, J. J. Remley, and J. L. Ramisch for their participation in various aspects of the collection and analytical determinations carried out in the field. We are particularly grateful to J. C. Hamilton who performed the spectrographic analysis of residues and to the U.S. National Park Service for their cooperation and assistance.
SAMPLE COLLECTION
The samples were collected in narrow-mouthed bottles, held in a flexible metal loop at the end of a 20-foot-long jointed rod made of aluminum tubing. By inserting the bottle in the pool upside down and righting it at the desired sample location, collections could be made anywhere in reach of the rod. Most of the samples were collected in polyethylene bottles, but samples for the determination of HCOa-and C0 3 -2 were collected in glass bottles. Collections were made from the hottest regions of the pools and as near the vents as possible. Temperature measurements were made either by a portable potentiometer and a copper-constantan thermocouple passing through the aluminum tube and lowered into the hot spring with the aid of a lead weight, or by a maximum thermometer suspended from the end of the rod.
ANALYTICAL METHODS
Silica was determined by a modification of the molybdenum blue method described by Shapiro and Brannock (1956) . Ionic silica was determined on the samples in the field without treatment except for filtration of samples containing suspended matter. For the determination of total silica, samples were evaporated with NaOH and fused to convert the polymerized forms to ionic species before the analysis was performed. Field determinations for silica were carried out as reported by Morey, Fournier, Remley, and Rowe (1961) .
Aluminum was determined spectrophotometrically by measuring the absorbance of the calcium-aluminum-alizarin red-S complex, according to a modification of the method reported by Shapiro and Brannock (1956, 1962) . For samples high in fluorine a preliminary evaporation of an acidified solution in Vycor dishes was made to volatilize the fluorine.
Iron was determined by orthophenanthroline using a modification of the method described by Shapiro and Brannock (1956) .
Sodium and potassium were determined flame photometrically. Dilution methods were used for the sodium to overcome any possible potassium interference. Standards were prepared containing sodium and potassium concentrations similar to those foun-d in the waters. The emission was measured at 489 nm for sodium and at 766 nm for potassium.
Lithium was determined flame photometrically, measuring the emission at 671 nm. The method of addition was used to check the accuracy of the method and to overcome matrix effects.
Calcium was determined flame photometrically by the releasingaudition method described by Rowe ( 1963) . For samples high in calcium, analyses were done by the EDTA (ethylenediaminetetraacetic acid) titration of Shapiro and Brannock (1956) .
Magnesium was determined spectrophotometrically by the Eriochrome Black T method using a modification of the methods of Harvey, Komarmy, and Wyatt (1953) and Rainwater and Thatcher (1960) .
Carbonate and bicarbonate were determined by titration with standardized sulfuric acid as described by Rainwater and Thatcher (1960) .
Sulfate was determined by the barium chromate method of Iwasaki, Utsumi, Hagino, Taratani, and Ozawa (1958) after separation of the sulfate on an activiated alumina column as described by Fritz, Yamamura, and Richard (1957) .
Chloride was determined by a potentiometric titration, modified from Kolthoff and Kuroda (1951) using a charting method and constant rate of delivery of AgN03 standard solution.
Fluoride was determined after distillation by the spectrophotometric thoron-thorium nitrate method of Grimaldi, Ingram, and Cuttitta (1955) . It was also determined directly by this method without distillation for samples containing very small amounts of aluminum. Fluoride results for some samples were confirmed by the cerium 3 -alizarin complexan method of Belcher and West (1961) ; aluminum was extracted when present, by 8-hydroxyquinoline and chloroform.
Boron was determined spectrophotometrically with dianthrimide using the method described by Rowe (1962) .
Field pH measurements were made with a portable pH meter using a high-temperature glass electrode, range 0 to 14, and a silver-silver chloride reference electrode. The electrodes were standardized in buffer solutions brought to the temperature of the pool.
Spectrographic analysis was made on the residues from evaporation of about 500 milliliters of each water sample. The evaporation factor was derived from the weight of residue and volume of the sample so that the analysis value, in percent, multiplied by the factor gives parts per million in the original water sample.
RESULTS
Our analyses are given in table 1 along with previous analyses of waters from the same springs or geysers. The locations of unnamed springs are described in table 2. Analyzed springs at Norris Geyser Basin also are located in figure 1. Semiquantitative spectrographic analyses of the evaporated residues of some of the waters listed in table 1 are given in table 3. A comparison of the chemical characteristics of hot-spring waters found in various parts of the park is given in figure 2 .
The springs at Mammoth issue from Mesozoic shales and sandstones. Limestone is present deep in the stratigraphic section. The springs at Norris Geyser Basin and those listed in table 1 between Norris Geyser Basin and Lower Geyser Basin issue from Cenozoic rhyolitic ash-flow tuff. All the other springs listed in table 1 are within a large caldera and issue from Pleistocene rhyolite or glacial sediments derived mainly from rhyolite.
The hot springs of Mammoth are noted for the abundant deposition of travertine. These waters are particularly rich in bicarbonate, sulfate, calcium, and magnesium. The chloride content is relatively low and sodium is present in excess of chloride. The silica content is very low and the potassium content, relative to sodium, is very high. The composition of the hot-spring water probably reflects reaction with carbonate sediments at depth.
At Norris Geyser Basin, two end-member types of chloride-rich hot-spring waters can be distinguished by their potassium-lithium and potassium-sodium ratios. Both ratios generally are lower in waters from the western part of the basin than in waters of the eastern part ( fig. 2) . In other respects, the chloride-rich waters at Norris Geyser Basin are very similar: They have the highest silica and chloride contents and the lowest bicarbonate contents of any waters in Yellowstone. The very low bicarbonate content leaves the pH of the water essentially unbuffered so that mixing with a very small amount of acid sulfate water may lower the pH to 3 or 4, giving rise to an acid chloride water such as from Little Whirligig Geyser (loc. YF37). Silica deposits readily from the neutral waters. However, dissolved silica polymerizes very slowly in the acid chloride water and little silica deposition occurs.
Acid sulfate waters are found throughout Yellowstone, particularly at higher elevations and at the Mud Volcano area. According to White, Sandberg, and Brannock (1953) , acid sulfate waters may form where steam, rich in acid-forming gases, intersects near-surface groundwater. Oxidation of H2S to H2S04 commonly lowers the pH to about 2 and subsequent reaction of this water Geological Survey, 1973 (in compilation 
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. SOUTHEAST PART OF UPPER GEYSER BASIN FIGURE 2.-Comparison of water compositions typical of various localities in Yellowstone National Park. E-ach circle is divided according to the relative milliequivalent concentrations of the major dissolved constituents in the water; cations in the upper hemisphere; anions in the lower hemisphere. The radius of each circle is proportional to the square root of the sum of either cation milliequivalents or anion milliequivalents, whichever is greater, so that the area of the circle is proportional to the total number of equivalents present. The circumference is marked off in arc lengths proportional to the number of equivalents of each species as indicated and the area of each sector is proportional to the number of equivalents of the particular species. A missing sector indicates the charge unbalance in the summation of analyzed cations as compared to anions.
with the enclosing rock yields water of a composition such as at Norris (loc. YF58) and at the Mud Volcano area (loc. YF13). The concentrations of sodium and potassium are low in this type of water, but the potassium-sodium ratio is very high. These waters are relatively rich in aluminum and iron and poor in chloride.
Compared with the chloride-rich alkaline waters of the Norris Geyser Basin, neutral to alkaline hot-spring waters within the confines of the caldera contain comparatively low concentrations of chloride, potassium, silica, and boron and high concentrations of fluoride, bicarbonate, and carbonate. In terms of atomic proportion, dissolved lithium commonly exceeds potassium. Also, spectrographic data for evaporated residues show that the waters from within the caldera are relatively rich in tungsten, containing 0.2 to 0.3 ppm (parts per million). No tungsten was detected in the waters from Norris Geyser Basin. High values of pH and carbonate have little significance; they are due to the escape of carbon dioxide from convecting surficial pools of hot-spring water. The deep-seated waters are near neutral in pH. For instance, Daisy Geyser and Bonita Pool in Upper Geyser Basin have been shown by exchange function (Marler, 1951) and tracer studies (Rowe and others, 1965) to be connected at depth. Daisy Geyser (loc. YF5) does not have a big surficial pool and water was collected during the preliminary overflow just before eruption. There was little opportunity for escape of C02 from the water before analysis; the pH was 7 .6. On the other hand, Bonita Pool (loc. YF70) has a large surficial pool, and in-pool pH measurement gave a value of 8.55. Also, the sum of equivalents of bicarbonate plus carbonate in water from Bonita Pool equals the equivalents of bicarbonate in water from Daisy Geyser.
In Upper Geyser Basin, two end-member types of neutral to alkaline hot-spring waters may be distinguished by their Cl: (HC03+C03). In terms of equivalents, this ratio is gr-eater than 3 for waters from the southeast part of Upper Geyser Basin and is about 1 for waters from the northwest part of Upper Geyser Basin. In addition, waters from the southeast part have slightly higher Li:K, Li:Na, and K:Na as compared to waters in the northwest part. Both types of water deposit silica.
Black Warrior Lake (loc. YF30) is typical of moderately dilute hot-spring waters that tend to occur at the margins of the Upper and Lower Geyser Basins. These waters are relatively rich in calcium and magnesium and have low Cl:HCO:l· They deposit small to moderate amounts of travertine and manganese oxides and very little silica. 
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